Lead halide perovskite solar cells have shown a tremendous rise in power conversion efficiency with reported record efficiencies of over 20% making this material very promising as a low cost alternative to conventional inorganic solar cells. However, due to a differently severe "hysteretic" behaviour during current density-voltage measurements, which strongly depends on scan rate, device and measurement history, preparation method, device architecture, etc., commonly used solar cell measurements do not give reliable or even reproducible results. For the aspect of commercialization and the possibility to compare results of different devices among different laboratories, it is necessary to establish a measurement protocol which gives reproducible results. Therefore, we compare device characteristics derived from standard current density-voltage measurements with stabilized values obtained from an adaptive tracking of the maximum power point and the open circuit voltage as well as characteristics extracted from time resolved current density-voltage measurements. Our results provide insight into the challenges of a correct determination of device performance and propose a measurement protocol for a reliable characterisation which is easy to implement and has been tested on varying perovskite solar cells fabricated in different laboratories. C Over the last seven years, the rise of organic-inorganic metal halide perovskites, like CH 3 NH 3 PbI 3 , has led to significant change in research direction of the whole hybrid photovoltaic community. Starting with power conversion efficiencies of 3.81% in 2009, 1 fabricated devices made a huge leap to about 10% in 2012, [2] [3] [4] and have improved rapidly to the highest reported values for hybrid photovoltaics of over 20%. 5 Many groups all over the world adapted their specialized knowledge of optimized fabrication and characterization techniques of hybrid and organic solar cells (i.e., DSSCs, BHJ SCs, electrodes, etc.) to contribute to this tremendous rise. Along with this unprecedented development, many different challenges have been revealed such as long term stability, 6 the replacement of the toxic Pb, a highly reproducible large scale fabrication process of the active layer, 7-9 and a "hysteretic" behaviour of fabricated solar cells during current density-voltage (J-V)-characterization. 10, 11 While long term stability probably can be achieved by device encapsulation as for common organic and dye sensitized photovoltaics, 12 the active layer fabrication issues have been successfully addressed by various approaches like different deposition techniques, [13] [14] [15] solvent engineering procedures, 16 pre-and post-treatments, 17, 18 and an appropriate choice of the underlying substrate layer. 19, 20 Among this, the hysteretic behaviour has been studied intensively, revealing strong indications for ion migration as the dominating origin. 10, 11, 21 This leads to a build-up of space charges at the interface and results in a scan rate and settle condition dependent photocurrent extraction probability. 11 Nevertheless, many other possible origins like a morphological change, a ferroelectric polarization by the rotating methylammonia cations, capacitive charge accumulation/space charges, trapping and detrapping of charges, chemical degradation, light-doping, and photo induced ion migration 10, 11, [22] [23] [24] [25] [26] [27] [28] [29] can simultaneously contribute to or enhance this behaviour. Moreover, occurring processes and related time scales differ for different architectures (flat vs. structured), varying material combinations, electrodes, illumination conditions, and scan parameters. This makes a final conclusion about the origin of the hysteresis in perovskite solar cells (PSCs) and how to deal with it during device characterization difficult, even though specific characterization procedures have been elaborated. 11 Hence, an increasing number of publications demonstrate (almost) hysteresis free cells whereas a TiO 2 free device geometry, utilizing, e.g., PEDOT:PSS as hole transport layer (HTL) and C 60 /PCBM as electron transport layer (ETL) turns out to be particularly successful. [30] [31] [32] [33] While some of the already existing measurement procedures reduce the hysteresis effect and result in matching results for forward and reverse scan directions, these specific approaches might neglect some of the underlying processes or do not represent steady state working conditions. In particular, very fast scan rates, which are suggested to limit the cell response to the electronic properties, are not related to a stabilized power output anymore and can lead to relative deviations between different scan directions and scan speeds of up to 50% or even more by additionally adjusting prior settle conditions. 11, 22, 34 Furthermore, the introduction of a hysteresis factor/index which represents the difference of the J-V curve at a certain voltage (0.8 * V OC ) for both scan directions is questionable 23, 35 since the hysteresis is highly dependent on measurement conditions, which in turn will strongly influence this hysteresis factor. Also, calculation of an average J-V curve or particular characteristics, determined from different scan directions and scan speeds, does not represent real device characteristics and should be avoided due to the aforementioned reasons. Finally, even a comparison of measured J SC values to the calculated values obtained from external quantum efficiency (EQE) measurements is challenging as these measurements depend on a combination of light bias intensity and chopping frequency. 36 Some of these issues have been already discussed in preceding publications (see Refs. 10, 22, 28, and 34) and point out the challenges of acquiring reasonable data. In this work we want to summarize the challenges of achieving a detailed and reliable picture of the ongoing processes during a J-V-characterization and propose a measurement protocol for reproducible and comparable results as an extension to the existing ISOS-protocols for organic solar cells. 37 This new measurement protocol is tested for various device architectures and geometries and includes an adaptive tracking of the maximum power point (MPP), the open circuit voltage (V OC ), and the short circuit current (J SC ), as well as cyclic and time resolved J-V-measurements. Corresponding Matlab code with all functions implemented can be found at GitHub. 38 For perovskite solar cells a qualitative characterization by a standard J-V measurement is helpful for a brief glance whether fabricated solar cells are working or not. However, since efficiency and all other derived parameters like J SC , V OC , FF, as well as shunt (R SC ) and series (R S ) resistance depend on the severity of hysteretic behaviour and specific scan and settle parameters, a transient maximum power point (MPP) tracking should be included into any representative measurement protocol. This gives a comparable stabilized power conversion efficiency η = P MPP P in at working conditions as already proposed by other groups. 10, 22, 39 We suggest adding MPP tracking as the initial measurement with a duration of at least 60 s, which can improve comparability in several ways. First, tracking of the maximum power point stabilizes the solar cell and returns the real power output under working conditions, which is independent of measurement conditions as settle voltage and sweep rate. Furthermore, it demonstrates the stability of the cell over time, and reveals effects like beneficial light soaking or degradation. Finally, it sets a defined protocol for the first measurement and prevents arbitrary settle conditions (i.e., light soaking time, settle bias) prior to measurement. This easily can be extended to an additional tracking of the J SC and the V OC leading to comparable and hysteresis free device characteristics.
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Further details on the ongoing processes and their respective time scales can be gained by a time resolved J-V measurement (step wise J-V measurement, 22 time resolved staircase voltammetry measurements 28 ). Thereby, the current is monitored as a function of time for each individual voltage step. Among the reconstruction of the regular J-V curve, acquired data allow the extraction of involved time constants by fitting an appropriate function, and the estimation of charge flow by integration of each individual voltage step. 28 Simultaneously, extracted relaxation times can be used for determination of the steady state condition, and implemented as time delay in J-V measurements.
In order to prove steady state conditions for time constants obtained in time resolved J-V measurement, a cyclic J-V measurement can provide sufficient insight. Compared to regular J-V measurements, cyclic measurements start from the maximum power point (best extracted from MPP tracking) with a following closed sweep to J SC , V OC , and back to J SC . This closed loop again sets a defined starting point and eliminates arbitrary delays and settle points between different scan directions. Additionally, a smooth transition between scan directions avoids an initial huge voltage step in particular for the scan in reverse direction which for certain cell geometries results in long relaxation times in the range of tens of seconds.
In contrast to time resolved J-V measurement, a transient current measurement at a fixed voltage point allows a much better determination of long term processes on the time scale of minutes. Extracted time constants can be compared to values from time resolved sweeps, however, additional time constants can be observed for various cell geometries which are exceeding practical time scales for time resolved J-V measurements since they are in the range of minutes. While this is a helpful tool to investigate long term processes, these information are not necessary for general performance measurements.
In order to demonstrate the advantage of these measurement techniques in a fixed characterization procedure, measurements have been performed on perovskite devices prepared in different laboratories with varying device architectures, preparation methods, and material combinations. These devices show pronounced differences in their hysteretic behaviour due to widely differing relaxation time scales, and thus, lead to individual requirements for appropriate hysteresis free measurements. In addition, the developed measurement procedure was applied to an organic solar cell 40 to demonstrate a hysteresis free system, which does not require such an extended measurement protocol.
The performed measurement protocol is listed in Table I , consisting of a J-V measurement (I) in forward and reverse scan direction with standard measurement conditions commonly used for organic and hybrid solar cells, which is extended by a tracking of the maximum power point, the J SC , and the V OC (II). Additionally, the degree of hysteretic behaviour was investigated by a cyclic (III) and a time resolved (IV) J-V measurement (see Figures S3 and S4 of the supplementary material). Finally, a second standard J-V measurement (V) with the same parameters as in (I) was performed for direct comparison to the initial curves. Due to the technical implementation, measurements marked by an asterisk consist of an additional J-V measurement (as in I.a.) for the extraction of MPP and V OC as start parameters.
Results for solar cell devices measured with this protocol are shown in Figure 1 , Figure S3 , and Figure S4 , whereas Table II gives a comprehensive summary of device characteristics for measurements I, II, and V, as well as the extracted values from reconstructed J-V curves of IV. In order to avoid uncontrolled influences by varying ambient conditions, all measurements have been performed in a glovebox under nitrogen atmosphere. A comparison to measurements under ambient conditions is shown in Figures S1 and S2 , and Table S1 of the supplementary material.
For all measured cells, scan parameters were kept fixed at same not optimised values, demonstrating a highly differing hysteretic behaviour among the investigated device architectures. Thereby, device characteristics derived from J-V measurements can significantly deviate from stabilized values of maximum power point, J SC , and V OC , which are tracked for 60 s (see Figure 1) . For stable devices, tracking of device characteristics can be prolonged up to 30 min and beyond (see Figure S2 of the supplementary material). This, however, requires an elevated degree of stability of fabricated solar cells encouraging a more stability focused research direction, which is also in line with commercialization aspects. It has the additional advantage that cells reported with this protocol have passed this initial stress test. Nevertheless, it is worth mentioning that for certain device architectures (i.e., doped HTL, metal oxide) and measurement conditions (i.e., atmosphere, humidity, temperature) additional effects as light soaking and degradation cannot be excluded. These effects are implied by direct comparison of measurement (I) and (V) (see Table I ) and easily verified by long term steady state measurements as seen in Figure S2 of the supplementary material. Therefore, transient measurements, and particularly prolonged time resolved J-V measurements, have to be evaluated carefully as they can be superimposed by such processes. These long-term processes directly compete with long relaxation time scales in the range of tens of seconds as they can occur, i.e., in flat perovskite devices. This prevents reaching a reliable steady state condition in time resolved J-V measurements as the cell is either not completely relaxed or has already changed due to aforementioned effects. As a consequence, it is impractical to extend the measurement time for each individual voltage step without reasonable restrictions or the prior exclusion of such effects. The same applies to the delay time in standard and cyclic J-V measurements. Due to these long-term effects, the cyclic J-V measurement was placed as measurement (III) in the protocol, although it is more reasonable to perform this measurement after the time resolved J-V measurement to verify steady state conditions of extracted time constants. A closer examination of time resolved J-V measurements further reveals a voltage and scan direction dependency of extracted time constants for measured perovskite solar cells (see Figure S4 of the supplementary material). Thereby, i.e., the device of Type A does not show a significant hysteresis and a small time dependence up to the maximum power point, whereas the time dependence becomes more evident and the corresponding relaxation times increase approaching the V OC . In contrast, Type B and C devices show the most pronounced time dependence at the maximum power point, which is decreasing towards the J SC and V OC .
In summary, only stabilized results represent realistic values for the efficiency of a solar cell in operation. Thereby, quickly degrading solar cells are easily revealed by the tracking algorithm and have to be reviewed prior to publication, whereas cells showing a pronounced light soaking effect first have to be settled to reach steady state working conditions. J-V measurements, whether time-resolved or not, cannot provide such reliable steady state conditions for all device architectures and can differ significantly from device characteristics extracted from stabilized measurements. Finally, even time constants extracted from time resolved measurements cannot always reveal necessary measurement requirements to reach steady state conditions, as these relaxation times can either exceed feasible measurement durations or vary with applied voltage.
As a measurement protocol for reliable performance determination of perovskite solar cells, we propose as only reproducible method the stabilization of the maximum power point, the actual working condition of a solar cell. Therefore, a tracking algorithm is more reliable than a simple transient current measurement for a specific voltage, as the maximum power point can change due to the relaxation process in perovskite as well as the aforementioned light soaking and degradation effects. Additional characteristics as J SC and V OC have to be extracted likewise from stabilized measurements resulting in a stabilized fill factor. Thus, for reproducibility and comparability, J-V measurements should always include stabilized device characteristics, even for hysteresis free devices at a first glance. Finally, further insight on processes and time scales occurring in fabricated devices can be obtained by time resolved as well as cyclic J-V measurements.
For detailed information about characterization methods, and the technical implementation of the algorithms see the supplementary material.
See the supplementary material for device preparation methods, detailed explanation of the tracking algorithm, and additional measurements.
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